


LA-UR-81-2742

MASTE?

JURY e e l

L0 Aigmos NE1-0n8 Leborac’'y 8 BDE'ATRE By the URve's % 0' Co' ‘o' fo the Unngo S1akos Depamime=* p* Erorgy unlle’ corvac » CaLt [l 3

nne  CRITERIA AND TECHNINUES FOR THREE-DIMENSIGNAL TREATMENT PLANNING
HITH PIGNS

A0kt Peter Berardo, Sandra /irk, Michael Faciotti, and James Bradbury

s.evv g2 "¢ Proceedings of the internaiional Workshop on Piun and Heavy lon
Radiotherapy: #Preclinical and Clinical Studies, Vancouver. b.C.
July 1981,

) sccoplance 9* 1 ') (i 190 DuD 90" *0COg™ 108 M0 80 U B Government rgia ~g g AONRGACILE vo "oyl 'y 100 120730 12 Pud 8™ @ 'OD 00.CO
N Pubaned foei @ 1% COT DUtD™ @ Ic Bhee BIne-0 10 6C o o' LD OOre mmeas purpases

The Les Almes Na'ona LBDO'SIE") HEAUEE'S NG’ M Pul SND° 0= %) -8 §'1410 B8 wirs POty megd unde: e autton o' e U 8 Depe=~e-' ¢’ P np;.

M T Mot o Ll WRERT S YR TYD
L@S AU am@))s Los Alamos National Laboratorg
Los Alamos,New Mexico 8754


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.
 
 For additional information or comments, contact: 
 
 Library Without Walls Project 
 Los Alamos National Laboratory Research Library
 Los Alamos, NM 87544 
 Phone: (505)667-4448 
 E-mail: lwwp@lanl.gov


CPITFRIA AXP TFOIXINUES FOPR THRFE=DIMENAIOEAL TREATMENT PLANNING WITRH PINNS

PFTIF RFPAPDNO, SAKDRA ZTNV, MiCHAFL PACIOTTI AXD JAMFS RRADAI'PY
Ton Alamna Natinnal Lahoratory, MR P09, lou Alamon, New Mexico R7545 U'SA

7 PODIeT I

"he ability tn predicel a pinr dose dosiribution in a pattent is o nalor
ohiective o the elinfcal trl. x at LAY, Accurate predl t{ione are estentlal
for evaluation of plon therapve Butl acceuracy mee? he (n the context af o lintoal
utiltte,  That 1=, rearonable avproximations pust be eade fe caloulatioral

methnds an that treatment plannine can proceed (na timely and eftler1ont Ranner.

Yo prosent here A fow of the te Yniques and cvurrent deve lnpment . uses? ta acl few

that ahleetive,

WETHCh OF DNeY CAY OV ATION

The treatment planninge prograe PIPLAY  ealiulates a dese der bt i by
wirrine the contribatfons of  Individual pencfl beans as they paee 1 rough
varfous «1infeal appliames and patlent  anatomy, One=dimearional  deptt dore
dAtatrihtfon- for pen- 1] heams of cach tvpe of fncfdent pactlole and o el of
tha i dose eoprponente are precaleulated analetically in wvater and fncdufe the
eftects of inflipht ‘mterscticnn, strapeling, and decave  Additionsllv, a twr
Mmenafope] dAiutributinon tu soecalealated tor long ranpe neuatrone that  age
eeftted b inflipht and atoppiny plon Inte Ao dons, Reeondary mione fpoe plon
dfocay are trvated as a comrparite pauedo=part ‘cle with fte own doae Aot ibut ton,
Pitrary electron done (e obtalned from (1 n 1o hiph=paerpy olectton dept hedoe
vurves, lLone=rinpe clectiron done from mion Jdecav {s obtaimed 1inmn A separats
rode]l during the dose accumilation process,

For a etven ponel]l hweam, done (8 dintributed (n depth as & functlon ol
water=equivalent ravee aloey the incident trajectory and ther Turther
dictriduged radially ar a fucetion of mtiple conlomh reatterines A dowe
calculation the: entalla accumilat ivg at mael point of interest the  amnunt  of
onctey fror each (ncfdent pepci]l beam and then dividing he the Joral mans
drenaftv. To moudel the complex, nm =analvtie, phane apaes of  freatment beams: |

mreasurerentr of  (ndiv{dual trafectories or rave are uRed  ar input e tie
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Hewever, the othervine analveic nature of

percil heam vieldn a  result

conparahle to Munte Carlo i much lean tine,

FiFpere 1 comparen the PIPLAR

cnerey, hroad Wam with a fixed ranpe-<shifter thicknean,

of the pherfcr models s

rararcter values to aehieve this depree of agreenent.

are  within the exporimental

tntal enerev roleasce in atar secordnries, the romentor spread of

hea=, and' the hear plase s,

| .1

treatrent &

ont {ree phyee apper of the

for eviernirmnte and

Vi~un thoy's o =i ap

rTl 'NE 160, RANGES IIIFTFH Ill\llll'll

uncertaint few

In fact, our current

Fopazkinge Y rouph thy

calculation with measuremrenta for a nedium

To date, the accuracy

Fach that wlieht ad lurtments PRt be made in a few

However, such adiuntnentw
of such fundamenta® | irareters ax
the Incident
Inabi ity 1o measure the

erimary monftor cham r  uned

reaquires that nor=alized comparieory e s,

resacdte for o P oep spread 1aal .

TUNF 12B. RANGE SHIFTER 08GIZB
mj , l 100 1 _'“ I ...--__.1
E 'I 1] 80 1 ) ‘.4_
v v \
i ¥ 8 1 \
g a0 'n i i 60 \‘.
- v \ i1|j= 40« \
< aveanssanes? <
g 2] " cacoanion 4 ! 20 Trae
o MEASUFLMINT 2830 Prpa.. E - CALCULAT:ON Xy
l ° HIASIRIIINI 3503 ___.I
n L oy . V- Y ‘b| o 5 - zo
0 L] 0 1 0 b ) F
DEPTH IN WATER (cm) | "oep1n”in waTER (em)
Fig. 1. taaparison of caleulat tom aml  Hiy. o0 Gompat baon of o vounlat for and

st erent of depth=dose uree:
unmedy ] gtand | med fumarnergy,

fia an
large-t I ld

lnar.
[ R )

The value of 7 deta (v padothegany
parttonlar, 0 1s nmt tap Al leane

trentment plavninge caloulat fore, and evaluat{on o dene

teare hacbeponnd, Mhan

thene dtfrrent purposes, (8 o posnthle to sfentf foant 1 redhinon-

daty wlithmt ripnifliant of lnen of

A1 tepent compenty s

o e ert o depthedon yiver o g
Pl latedd, loevernerpy, mediun-t teld
| TN

fn pemegd! (e wi'ely asented, HY

thheee ' Tegen? pupponer , diagnesfs

Attt ers e a1

A hapdeape tivloes gt uned pee

Mile o

he copgenpondyng godin 1 {on In



procernine (ine, data starape space, and data tranefor time among computers  can

b wthstantial,

TABLE 1

PECTTTS 0F PUEDYEER 0 T NPYERTCAL PRECTSINY AND SPATIAL PRSOIVTION

AVIPACY AVFFPATT

TreT INTIGRAL INCPLASY
L g FASES CHANCT'S (P CHANEENS (mm)
gpere e Lia iyl (1 ,40) f,0 (0, ,08)Y
-1 ,4] - 7 0, 0) noa (h,nR)

W TH =n,n7 (0.97) fr (0.0F)

HA A (A LR AR D] (0 (1,19
=1,+] IR SN TIRE B n.oo(nnr)

| T w0} (0H,37) n.n (0,0

Ml 419 (0 (1 1) [ B ER T |
-1,41 Gutr () Can (0,0

peTH AP A Ly vt (0,07)

Trvatment  plannine calcularions ane 07T data far Tine Inteprals to Pransneeoerg

tarticles  op mod{fv dose dictrfbntions hased on et fective  rangs . KL
tntepratine {o  an averapine process, pareries]l  nd wpat lal recnlutior dirfes)
f« frvoartanies Table 1 summarizen the peerults of a detafled study te detereine
et bonl Hefte For reduced 0 pemerloal preciaton and spat il resolut los g
threr difterent €7 <l{cews RApfefly, the procedure wauw  te onleujate Intopr 1
froe tap to hotton thioueh each wlice and tabulate the inteprale nn g cectireter
vrelde Thiu waw done for the three base canes witt tull  resojutfon and  tor
vaploun tedl  gamen, The t1ext care 479" {ndfeates a sounding procedurs that
tedes the numerfcal preciston to efpht Metu, This allows tvo (T piveds 1o he
wtared {n one enpputer Worde  The "=1,41" tent camen {ndicate pixe] aeaping
tateral to the lHne of intepratfor, As shown thoere pixels were used (0 the
latern!  averape which, when comt tned with the (ntepration {taelf, {mpliex ahont
n ten b three plee] area’ averape, Finally, the lant test came umer both
pefueed renclut{ion  techn.ques, The remult ing chanpen are sbown with standard
daviat fon= {n parenthesen and anmume a linear relntion hetween €T pumhern  and

wtopping  power, In fact, for heavy charged particlon in material more dense



thar water, the valuen will be even smuller. The averape integral chanpe is the
weraee  chanee hetween a final haac casc {ntepral and » final test case
intepral. For the average increase change, the averape is over the changes in
the 1ncreanre of all the integrala fror one centimeter to the next in depth.
Rerults much as thesne ahow that accurate calculations can be retained with at
leant a factor of ei1pght reduction in the bulk of €T data through four pixel
rpatianl averaring and eipht bhit numerical resolution.

Fe unlution reductinn nf €T imape data, an apposred to (T treatment planning
data, ix subiect to more subhiective analvein. Visual comparimons of various
images har led to the coaclusion t'at feur=pixel averaring and ecight=hit
vrrecision also retains sufficfent  renolutinn and detail 1a a €T imape for
neenrate eviluatien of superirposed doke distributions.

Finall:, we nate that wh{le theme “echniquer preclude  repencration of a
diapnnatic nuality drape, they do a.low randem accenz nf individual CT data
elerenta. Thin means that treatment  plavnire  caleulations and  displave  can

rrovecd eaually well at are arfentation relative 1o the orie!nal €T plice.

PULTIPLY S ATTERIY

A ratar ohieerlve o f treatment  planning caleulations {8 the accurate
prredfvtion of transverse dove distribitions o+ o function ot depth and thelir
denesdence upon mpltiple reattucine In external sppliapcer ane the heteropencous
anatory nf a patient. PIPLAY urer a recursive Gaurrian rodel ol fch Ir enerpy,
rater 1, and  penmetrv dependent The tran.verse ddatridutinn at anv peint {m
e resnlt of folding topother Caussinn diatributinns from multiple scatterine
At =anv pafpte ypstrear. Althouph  the angnlar distribution from multiple
reatterlne In upstrenr repfons {« umed to obtain the radlial distribution
dewnutr a, {n thic mode]l the aneular aned rpatial dirtributionn are uncoupled.
That (¢, ench meatvering  replon aspumes  all  {ne 'dent particlen are ntil}
parallel te thie initial tralectory b are spacially distributed about {t
neeseding to upatream weatterine. This feature allows a0 vervy rapid  recuraive
exrresnfon, hut only workm well for fdeally tuin seattering replorss To keep
the ealenla“fon hoth fart and accurate, an enpirical nedifvine function i uned
which offectively requires that the rtandard deviation of the tranaverse
diatributionr fror maltipnle nenttering in a single thick tareet ecquals  that
ohtalued after manv thin tarpetn with the same total thickneans The net result
f= A recursive podel that can lean large distancer in a minele ¢ ele, The

ermvhanis  {n the approach {n not on ahanlute accuracy, Mt rather on clinfeally



useful and reliable accuracve The deprec of accuracy in 1llustrated for pions
in Figure 3 for an unmodulated bear 1n water. In this calculation, the
radintion=1~ngth of water, 36,1 in, waa used with a 0.5 cm atep rRize in depth,

wvhich in ahout the maximim for a tvpical dose calcalation.

PION MULTIPLE-SCATTERING FOLDED F!ON RAD!AL DISTRIBUTION
22 £ oY - !
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Flg. 7. Comparison of calculaticn and Flp. 4. tComparison ot Gausslan fIt "o
measurement of projected standard de- welphited and summed Gaussian transverse
viation tor Gauselan transverse distri= dist-ibut jona obtained at 5 em In watar
but fon a~ a funct lon of depth. for a d=cn range aodulation and 6ece

alr=gap.

Fhen heans are ranpe nodulated, the tranaverer: dietgibutfore at a plven coiet

due to A{fferent upstivam acatterine peometrices must Iy wit! welebers
ohta 1ed fror the ranee modulation functien, Sipce the sur of Dmssfane {« pet
convenient Iv analvtie, the final transverse  distraibution can b obtalned b
tracking  each rav repeatedly as o functgon of the rangr=ibftrer thhel nese ar by
marnlire the modulation fenction for each rave The T{rst e c¥pensive in time
and the gecand can Introdiuee sfpnitlcant «tatirtical uncertainties In the distal
Arread peab  unless a preat svimher of rave are used, bt oare currentlw
investipatineg the fearnibhilite of tabulatine tor cacd motulatfon funection a «et
of parameters at each depth along a tradectory W ol desoribe the  cumred
dintributionm, Weo find that in moot peamctr{es a Ganeefan dIetribet fon worl s
qufte woll, an ehowy In Fipure &. For verv larae modulatien funct{ons, an
exponent{al function piven onlv a slipght iy hetter f00 than a Gousslan. 11 this
model {n muceeraful, then the precaleulated one dieensfonal dode distreibut fore
can he folded threaph the modulation function ond  each {neldent rav @11

dintribute done radinlly and In depth an {f 1t had evnerienced full medulat fon.



PHASF SPACF SMNOTHTNG

Another inpnrtant aspect In predictine transverse dose distributiona 1s
accurately representing the pliasc spa-¢ of treatment bheamm, which at LAMPF are
non=parallel and contain spatially non-uniform ratioe of pions, muona, and
clectrons. To accurately sample and transport a sufficient number of particlea
in a rensnnahle time, two techniques are used.

The firat involves mearuring a dose distributinn {n air and alaa sampling the
trer  phasge  Apace v neasuring ahout 250 000 yndividual particle trajectories.
Then from thik phase space sample, a suh=sanple in nelected which reproduces the
air dnar A2 ributione The randomners of the original sample in retained in the
ted=warple bhut  the Atatistical uncertainte in the tranaverne plane {s
eefent fally reduced te that of the 1on chamber, {.e., 2zZero. The number of
rarticles {n the pub=gample ‘r predetermined te obtain no mare than a certain
maximur relative rtatistical error in the caleulations.  This {n turn involves
thr fgecnnd mroethine technique.

The rilative statir*ical error at sore poirt in the calculation I8 inversely
rroparticnal ta the rtandard deviatlon of the radial dietribution and to the
square=ront of the fluence. Thus for a eiven relative statictical error, there
e a direct relationghip hetween the fluence in the mub=gample of parti{c]es and
multiple  scattering, Yien the fluence {k alse fived, the statistical
yaertafat fes are deterrined nnlvy by the depree nf averlap of  radial
d{atribhutions. Near the muriace of a patient, thir overlar {+ amall and we
requite a ninrirur radlal ddetribution for each  inclident rav to achieve an
overal! acceeptable statietical uncertainty in the entrance  revion. Figure 5
ce=narer caleinlated tranaverae alr scans wit! the {on cha=ber mearurementr for a
ratial sfema nt 0,5 emy Thie (g onr usual minimum gipea whic) means that  a
reneli]l  hear {8 pencil=sized. At depth, the miltiple weattering sigma exceeds
the rinfmur and tne atatint{cal unecertainty & nepelipible, as shown {n Figure &
far a alpra of 1.2 em. There remulte wore obtained for a central axis fluence
nf anlv 47 particlen per mauare centimceter. In Fivare 7 are shown the
traneverae geans in a water pb tor At mid=peal In a 10=cm mpread peak and a
tentral=axin 1 huence of SO particles per square centimeter. These curves  phow
eamentally no statirtical flucuations and perhaps a small swvwtemat fe coordinate

r{ual{pnment,
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CURPFYT PROBLEMS

Collimaters: The capability to predict dose distributione in  complex
geometries {8 inherent in three dimensional methods of calculation, such as
Monte Carlo or three-dimensional rav tracing. Th’s 18 particularly important in
the repions of gross inhomogeneities, Buch as for a heam collimator. Here
PIPLAY exhibits a prohlem ar illustrated in Figure 8. On the left are the depth
dose curves for a static rangeshifter. On the right a collimator has also been
used and a clear diarrepancy between calculation and measurement exists in the
entrance region. Preliminarvy models which attempt to account for this entrance
dose with neutrons from pion capture in the cerrobend collimator have not been
satisfactorv, Ae shown {in Figure 9, vhen this heam is modulated, the
diacrepancy accumilates. Monte Carlo calculatione are proceeding to aid our
underetandine nf eollimator phvaich.

Nvenarmic Ream Rolur: Fxcept for ntrictly parallel beams and 1linear

translation, bolus design for moving heams and/or patients presents an
interestine prohlem, as Achematicallv {llurtrated in Figure 10, In the upper
left 1m represented the superparition of a piven bearm at three different focal
points in a tareet volume, but ienorine the inhomopeneity. Fach peint in such a
crmporite ficld can he thought of aR a point source of bean particles. The
points of intercrt arce at the patient surface, ar represented at the upper
right. The bolum at that point must he such that the {nhomogeneity is =ccounted
for and that the optimm doge distribution I8 achicved in the target volume.
With unlirited computer resourcer and time one could in principle perfarm
fterative dnse caleulations to arrive at the eptimim bnlus and dore distribution
rimltapenuxlv. In practice one must settle for momething lems. Uning rav
tracine techniquer, such as exirt in PIPLAMN, one can determine a holua thicknesn
dictribution for rave pansing throurh the peint in question and stopping in the
tarret vnlume. Thin {8 reprenented in the lower left. Of c¢oursac some ravs may
alwvave - {an the tarpet volume and collimation or very thick holus should he uned
for them, whick piver the distribution on the right. The relative number of
rirces and target=valume atops determine {f bolus or collimator 18 hest at a
eiven paint. If bolun im used, then the bolun thickness distribution gives, to
first arder, the depth dore dintributinn under that point due to particles
paskine throuph that peint. Thirn can be uned te select an actual thicknean from
the dintributionn depending upon the lncation of nearbvy critical ntructures or
varfcun ather criteria. Since bolun {tmelf can he very structured and act am a
superficinl inhomopeneitv {n hipklv non=parallel beamn, it mav be worthwhile to

fterate at leant ance to refine the hnlus shape., In anv case, once the bolus inm
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designed, calculatinna can proceed and results evaluated. If the dose
distribution f.or each individual beam lovation im maved, then the final dose
distribution can still he autematically optinized for a piven holus shape by

varving the relative weiphts of each hearm.
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